INTRODUCTION
Over the past decade, significant advancement in the observation and modeling of the northern hemisphere ionosphere has been made. The strong ionospheric universal time (UT) (diurnal) dependence has been predicted and observed in different ways. This effect, which arises due to the displacement between the geographic and geomagnetic poles, is expected to be even more significant in the southern hemisphere where the displacement is considerably larger. In our first study using a global ionospheric model [Sojka and Schunk, 1985] , we considered June solstice conditions and were able to show significant hemispherical asymmetries in the global F region. However, because only one solstice condition was considered, we were unable to compare the two hemispheres for the same seasonal conditions. account of field-aligned diffusion, cross-field electrodynamic drifts both in the equatorial region and at high latitudes, interhemispheric flow, thermospheric winds, polar wind escape, energy-dependent chemical reactions, neutral composition changes, ion production due to solar EUV radiation and auroral precipitation, thermal conduction, diffusionthermal heat flow, and local heating and cooling processes. Our model also takes account of the offset between the geomagnetic and geographic poles and the bending of field lines near the magnetic equator.
The model studies were carried out for both June and December solstice conditions at solar maximum and for low geomagnetic activity. In section 2 we describe our global F region model and the inputs that we adopted for this particular study. The global F region densities calculated with our model are presented in section 3, and in section 4 we summarize our results.
In this paper we have used our global model of the F region to carry out a seasonal study. This study is aimed at providing a state-of-the-art global scale comparison of the ~orthern and southern ionosphere based upon a global physl~al model of the ionosphere. These data can then form a ba-S18 ~gainst which comparisons with future conjugate obsertlons can be made. Our model is a time-dependent, threeensional, multi-ion model of the global ionosphere at all~~~es between 120 and 800 km [ef. Schunk and Walker, 'k 3, Schunk et al., 1975 Schunk et al., , 1986 Schunk and Raitt, 1980; So-, a et al. , 1981a; Schunk and Sojka, 1982] . The model takes 
F Region Model
The ionospheric model was initially developed as a midlatitude, multi-ion (NO+, ot, Nt , and 0+) model by Schunk and Walker [1973] . The time-dependent ion continuity and momentum equations were solved as a function of altitude for a corotating plasma flux tube including diurnal variations and all relevant E and F region processes. This model was extended to include high latitude effects due to convection electric fields and particle precipitation by Schunk et ai. [1975 Schunk et ai. [ , 1976 . A simplified ion energy equation was also added , which was based on the assumption that local heating and cooling processes dominate (valid below 500 6739 6740 SOJKA AND SCHUNK: SEASONAL BEHAVIOR OF GLOBAL IONOSPHERE km). Flux tubes of plasma were followed as they moved in response to convection electric fields . A further extension of the model to include the minor ions N+ and He+, an updated photochemical scheme, and the MSIS atmospheric model is described by Schunk and Raitt [1980] . The addition of plasma convection and particle precipitation models is described in Sojka et al. [1981a, b] . More recently, the ionospheric model has been extended by Schunk and Sojka [1982] to include ion thermal conduction and diffusion-thermal heat flow, so that the ion temperature is now rigorously calculated at all altitudes between 120 and 1000 km. The adopted ion energy equation and conductivities are those given by Conrad and Schunk [1979] . Also, the electron energy equation has been included recently by Schunk et al. [1986] , and consequently, the electron temperature is now rigorously calculated at all altitudes. The electron energy equation and the heating and cooling rates were taken from Schunk and Nagy [1978] , and the conductivities were taken from Schunk and Walker [1970] . The incorporation of the Sterling et al. [1969] equatorial ionospheric model and the various improvements to this model are described in Sojka and Schunk [1985] .
Combined Global Model
The global model consists of two separate ionospheric simulation models, namely, a mid-and high-latitude formulation and an equatorial formulation. The difficulties associated with joining the two models are described by Sojka and Schunk [1985] . This paper will be referred to for the details concerning inputs as well as F region results when they complement this seasonal study.
One of the major sources of asymmetry between the hemispheres is the magnetic field topology relative to the earth's rotational axis. This effect was found to introduce major UT variations, which were different in the two hemispheres. For the first study, we adopted a north magnetic pole located at 78.6°N, -69.8°E and a south magnetic pole located at -75.5°N and 126°E geographic. These locations were based upon the work of Mead [1970] and the auroral observations of Bond [1968] . Since publishing our first global paper in 1985, Fraser-Smith [1987] has extensively reviewed the question of centered and eccentric dipole fields. Fraser-Smith shows how centered and eccentric dipoles can be derived from the International Geomagnetic Reference Field (IGRF) coefficients. For the northern hemisphere, our adopted centered dipole is within 1/2° of latitude and 1° of longitude of the centered dipole axis computed by Fraser-Smith. In the southern hemisphere, our axis agrees to within 3/4° in latitude and 7° in longitude to the location of the eccentric axial pole location computed by Fraser-Smith. Our equatorial model uses an eccentric dipole defined by the intersections of these two magnetic poles with the Earth's surface. Again, this is in close agreement with the work of Fraser-Smith. This is especially the case when the resolution of our global model, 3° latitude and 15° in longitude for this study, is considered.
In the first part of our study, where the global seasonal/UT effects are considered, the effect of changing the dipole tilt angle is shown. To do this, additional southern hemisphereionospheric simulations were performed with the dipole tilt angle being increased from 14.5 to 19.5. This 5° additional shift , although somewhat arbitrary, does demonstrate the ionospheric UT dependence upon the magnetic pole location. It is also in the direction of the south magnetic dip ~ pole, which is at a geographic latitude of approximately -67°. The importance of a dip pole is found in computing induced (via neutral winds or electric fields) vertical drifts which drastically affect N m F2, hm F2, and the topside iono_ sphere. Other than this additional magnetic dipole config_ uration, the mid-high latitude and equatorial formulations are the same as described by Sojka and Schunk [1985] .
Global Inputs
This study complements our earlier global study carried out for one solstice condition, namely, June solstice. Hence we present in this paper results from both June and December solstice to show seasonal effects in the global ionosphere. The specific solar conditions are solar maximum, defined by an F10.7 value of 170, and low geomagnetic activity, defined by a Kp = 2 and Ap = 12. Several other inputs are required: (1) equatorial electric potential; (2) high latitUde electric potential; (3) global auroral precipitation; (4) global neutral atmosphere; and (5) global neutral winds. Each of these model inputs is described by Sojka and Schunk [1985] . Only a brief description is given here , since they are identical to those used in this earlier global study.
The adopted equatorial electric potential is from Richmond et al. [1980] . To incorporate this into our model, we followed the method used by Sterling et al. [1969] in which a set of UT-independent cosine functions are described by a set of parameters. These functions and parameters are then related to the Richmond et al. [1980] data set. The electric field extends about the geomagnetic equator, to ±30° latitude. At the magnetic equator, the corresponding induced vertical E x B drifts range between ±11 m/s. The high latitude electric potential corresponds to a symmetric two-cell pattern of the Volland [1978] type. The specific form of the electric field is given by Sojka et al. [1980] . The total crosspolar potential is 48 k V, with uniform sun-aligned potentials in the polar cap and a potential that decreases as the inverse of sine colatitude to the fourth power equatorward of the polar cap. This symmetric pattern is shifted by 1.5° in the antisunward direction from the magnetic pole in both hemispheres. In our global model the equatorial, high-latitude, and corotational potentials are added, and the resulting potentials are then used to compute the electric fields.
The adopted global auroral precipitation model is based on the empirical model of Spiro et al. [1982] for low geomagnetic activity conditions, K p f"..J 2. In our model, the empirical values of energy flux are used to scale a characteristic auroral ion production profile. The production profile is taken from Knudsen et al. [1977] and corresponds to auroral precipitation of 2-keV characteristic energy. These production rates and those for solar EUV are dependent upon the global neutral atmosphere. The mass/spectrometer incohe~ ent scatter (MSIS) model atmosphere [Hedin et ai. , 1977] IS used for this purpose.
For the purpose of defining a neutral wind , the coordin~te system whose equatorial plane contain the subsolar pOlD t is adopted. In this frame , the neutral wind is assumed to be longitudinally symmetric about 0100-1300 LT (see Figure 7 in Sojka and Schunk [1985] ). On the dayside , the maximum poleward drift is 50 m/s while in the dark polar cap the wind reaches 200 m/ s in an antisunward directio
Only the meridional component of this wind is used. transformed to the magnetic frame , in which the vertical induced drift is computed. Although the wind is symmetric in the special subsolar frame, in the ionospheric simulation the induced vertical drift does not show a large hemispherical asymmetry. This neutral wind pattern has been adopted; it has not been computed self-consistently with the particular solar and ionospheric conditions. In looking at the seasonal effects associated with the ionosphere, we have kept the above inputs constant. The major difference between the two solstice conditions is the change in solar illumination and, consequently, EUV ion production when viewed in either the geographic or magnetic frame. This effect is further heightened by the eccentric nature of the dipole axis, leading to significant hemispherical differences. Figure 1a shows the terminator location in the magnetic frame for June solstice at 0700 UT. The northern polar region is entirely sunlit, while the southern region is dark. During December solstice, 12 hours later, one expects a similar illumination in the magnetic frame, but with inverted latitudes, i.e., dark in the north and the south sunlit. The dashed line indicates the "inverted latitude" terminator location for December solstice at 1900 UT. Note the two ternator curves are not symmetric about the equator, which IS due to the noncentered nature of the dipole axis. On a global scale the difference between these two terminator curves does not seem large. However, as will be seen, it is significant. For the extra dipole tilt case (19.5°), the difference in terms of ionospheric effects is even more marked. 3. F REGION DENSITIES The model described in the previous sections was run for SOlar maximum, June solstice, and low magnetic activity . Conditions. At middle and high latitudes, all trajectories were started from noon steady state density profiles. Flux tubes were followed for times in excess of 24 hours, determined by the time the slowest flux tube takes to convect once around its trajectory [see Sojka et ai. , 1981a] . All trajectories were followed 12 times, at 2-hour UT intervals , so that UT effects could be taken into account. After a complete traversal of a trajectory, the difference between the final density profile obtained and the starting noon steady state profile was negligible for latitudes greater than about 20°. A similar procedure to that described above was used for the equatorial model, except that all flux tubes were followed for 48 hours and only the densities obtained during the second 24-hour period were kept. This additional run time was necessary in order to obtain a repeatable density profile after a complete traversal of a trajectory.
As each flux tube is run, altitude or flux tube profiles are stored. These profiles consist of NO+, at, Nt, 0+, N+, and He+ at 4-km intervals from 120 to 800 km for the midhigh latitude model, and NO+, at, Nt , 0+, and N+ at a variable altitude interval for the equatorial model. In the equatorial bottomside F region, the step size is less than 4 km, while above 800 km the step size is greater than 10 km . . Such profiles are stored every 0.5° to 2° in longitude (local time). The final data set consists of ion densities binned into 3° magnetic latitude, one-hour MLT, and 2-hour UT intervals. Figure 2a displays the electron density at 300 km for one particular geometry of solar illumination in the magnetic local time frame. The solar illumination corresponds to that shown in Figure lb. In the left panels, the 1900 UT, June solstice conditions are shown, while the right panels correspond to 0700 UT, December solstice conditions plotted with an inverted latitudinal axis. The smaller panels show only the effect of increasing the dipole tilt in the southern hemisphere from 14.5° to 19.5°. In Figure 2a , the larger left panel corresponds to the conditions of our first global study [Sojka Global plot of the electron density variation at 300 km in a magnetic latitude-MLT reference frame. The left panels are for June solstice at 1900 UT and the right panels are for December solstice at 0700 UT. The top half of the figure is for the summer hemisphere and the bottom half is for the winter hemisphere. The two smaller panels show the Ne variation at 300 km in the southern hemisphere for a larger offset between the magnetic and geographic poles. Note that the UTs selected are the same as for Figure 1b , which shows the region of darkness. The Ne contours are labeled in loglo Ne (cm-3 ) .
Global Ne at 300 km
and Schunk, 1985] . For that study, we displayed N m F2 in a color format [see plate 1 in Sojka and Schunk, 1985] . These densities at 300 km differ somewhat from the N m F2 values, however the overall features are similar. A number of distinct F region features can be seen in Figure 2a (upper left panel), which divide the F region into three primary latitudinal regions. The Appleton peaks lie on either side of the magnetic equator at approximately ±10° and are present from about noon until 0400 MLT. For solstice conditions , these peaks are asymmetric due primarily to the effect of the neutral wind. At mid-latitudes, from 20 0 to 60 0 , the most distinct feature is the nocturnal midlatitude trough. In the winter hemisphere, the density minimum is approximately an order of magnitude lower than in the summer hemisphere. The morning local time boundary of this trough shows the season dependence of the terminator. In the two polar regions poleward of about ±60°, the F region is highly dependent upon magnetospheric processes . Ion production due to auroral precipitation and magnetospheric convection causes the polar cap to appear highly complex. In the summer hemisphere, where the polar cap is sunlit, the weak auroral precipitation associated with the low geomagnetic activity conditions is insufficient to create a marked auroral oval, whereas in the winter hemisphere, very distinct auroral oval and convection features are present.
This global morphology can be compared with that obtained for December solstice by comparing in Figure 2a t~e left larger panel with the right larger panel. The comparIson is aided by the right panel inverted latitude scale, which causes summer to be in the top and winter in the bO. ttom part of the panel. Summer high latitude densities I~ both hemispheres are morphologically identical with den:'l~ ties ranging from 4 x 10 5 to 10 6 em -3. Also, the equato na regions are very similar, with densities ranging from le~s than 10 5 to greater than 10 6 em -3 . The slight difference 10 the Appleton anomaly between the June and December so~ stice is of the order of a factor of 2 in places and is associate with the seasonal dependence in MSIS rather than "dipole tt-T (tr) South Fig. 2b . Global plot of the Ne variation at 300 km in a magnetic latitude-MLT reference frame. The left panels are for June solstice at 0700 UT and the right panels are for December solstice at 1900 UT. The top half of the figure is for the summer hemisphere and the bottom half is for the winter hemisphere. The two smaller panels show the Ne variation in the southern hemisphere for a larger offset between the magnetic and geographic poles. Note that the UTs selected are the same as for Figure la , which shows the region of darkness.
tilt" effects. In the winter hemisphere, the two solstice conditions are again morphologically similar, but quite different quantitatively. The early morning trough is about twice as deep in the southern hemisphere. In the region between the dayside oval and the sunlit terminator, the density drops below 3 x 10 4 cm-3 in the southern hemisphere, but only to about 7x 10 4 cm-3 in the northern hemisphere. These differences in both the nocturnal and dayside trough are due ~o the different dipole tilts in the two hemispheres. This IS further demonstrated in the lower left panel, where the SOuthern winter hemisphere is shown for the case of a 19.5° tilt. In this case, the dayside trough density is further decreased by a factor of 3 to 4. For these extreme winter UT Conditions, the entire auroral-polar ionosphere is in dark-:s, and hence this region shows almost no hemispherical erence. Similarly, in the summer hemisphere (top panels)
a.n d the extra southern hemisphere 19.5° offset case (upper !:Ight panel) when the oval and polar regions are entirely illuminated, the hemispherical differences due to the different dipole tilts are negligible. Figure 2b shows the Ne variation in the magnetic local time frame for the solar illumination conditions shown in Figure 1a . In the summer hemisphere (upper panels), the density variations are similar to those in Figure 2a , even the absolute densities are within a factor of about 2. The trough hound aries have changed somewhat due to the different terminator locations. Densities in the equatorial regions at this UT, which is 12 hours different from the Figure  2a UT, are almost identical. However, in the winter hemisphere, the densities are quite different from those at a UT 12 hours different. The dayside trough region no longer exists, and instead of densities less than 2 x 10 4 the densities are greater than 4 x 10 5 cm -3. Because of partially being sunlit at this UT, the polar regions have significantly higher densities, about a factor of 4 to 10 greater. The winter hemisphere shows the most marked seasonal and UT de- Fig. 3a . Seasonal variation of Ne at 300 km shown in a magnetic latitude MLT reference frame for both the northern hemisphere (top panels) and the southern hemisphere (bottom panels) at 0700 UT.
pendencies arising from the differences in dipole offset. At a higher resolution, the north and south hemispheres show density differences of the order of a few tens of percent due to differences in the MSIS atmospheric densities between the hemispheres.
High-Latitude Seasonal Trends
To look at the polar regions in more detail, we change from a rectangular to a polar diagram presentation. This also allows for an easier comparison with earlier studies. In our earlier studies of the high latitude ionosphere, we have shown how various ionospheric features, such as the polar hole, tongue of ionization, night sector trough, and nightside auroral densities, develop depending on the geophysical conditions [Sojka et al. , 1981a, b, c; Sojka and Schunk, 1983] . In the earlier global study [Sojka and Schunk, 1985] , we modeled June solstice conditions and compared the southern hemisphere winter UT morphology with the northern hemisphere summer UT morphology. We now focus specifically on the northern and southern hemisphere differences for the same season and use a dipole tilt of 14.5° for the southern hemisphere. Figure 3a shows the comparison of N e at 300 km for summer (left panels) and winter (right panels) for the same UT, namely, 0700 UT. The top two panels correspond to the northern hemisphere, while the bottom two panels correspond to the southern hemisphere. In terms of snapshots, the June solstice condition corresponds to the top left and bottom right panels, while the December solstice condition corresponds to the top right and bottom left panels. The summer hemispheres at 0700 UT look similar with densities ranging between 3 x 10 5 to about 10 6 em -3. A night sector trough region, with densities of the order of 10 5 em, is present in both hemispheres. However, the latitudinal and MLT extent of the trough are defined by the particular terminator location (dashed lines). The summer ionosphere has densities within a factor of 2 for the northern and southern hemispheres.
In the winter panels (right side), the densities shoW ~ wider range of variation from about 10 4 to greater than 10 em -3. From the terminator locations, it is evident that at this UT the northern hemisphere auroral and polar regions are in darkness, whereas in the southern hemisphere the terminator extends into the noon sector oval and polar cap. This leads to the northern hemisphere winter densities being lower than the corresponding southern hemisphere values. This was also the case for the summer conditions, where the southern hemisphere densities were up to a fac- Fig. 3b . Seasonal variation of Ne at 300 km shown in a magnetic latitude-MLT reference frame for both the northern hemisphere (top panels) and the southern hemisphere (bottom panels) at 1900 UT .
tor of 2 higher. In wiriter, the difference is significantly larger. In the noon auroral and polar regions, the density difference is of the order of a factor of 5. The northern hemisphere has a region of lower densities (rv 10 5 cm -
between the solar illuminated dayside and the auroral oval. The plasma convecting into the polar cap has a low density, and hence the tongue of ionization is a relatively low density feature (;5 4 x 10 5 cm-3 ). The southern hemisphere, on the other hand, is sunlit in this region, the depletion is not present, and the tongue of ionization reaches densities of about 2 x 10 6 cm-3 . In both hemispheres, the density of the tongue maximizes in the noon sector near the magnetic ~ole due to the induced upward Ex B drift. Since this study IS for low geomagnetic activity, the auroral precipitation is Weak (.:5 0.33 erg cm-2 S-1) and consequently, the auroral ~val ~. only slightly discernable. However, in this region the ensltles are within a factor of 2 for the two hemispheres as well as for the summer-winter comparison. The night ~.tor mid-latitude trough is significantly more extensive in A. tlt?de and magnetic local time in winter than in summer. gaIn, the northern hemisphere trough is about a factor of 2 deeper than in the southern hemisphere as well as being extended to later times in the morning sector (rv 0900 MLT), whereas in the southern hemisphere it only extends to about 0600 MLT. Figure 3b is identical to Figure 3a , except that now the electron densities are plotted at 1900 UT. At this UT, the orientation of the magnetic and geographic poles relative to the sun has been reversed. The summer hemisphere electron densities (left panels) in sunlight range from 4 x 10 5 to 2 X 10 6 cm -3 . This range is very similar to that at 0700 UT ( Figure  3a, left panels) . Also, the trough densities are of the order of 1. 2 x 10 5 cm -3, again similar to those at 0700 UT. In this case, the southern hemisphere densities are lower than the corresponding northern hemisphere densities by about a factor of 2.
The right panels of Figure 3b show the winter comparison, which shows hemispheric differences greater than an order of magnitude in places . This difference is significantly greater than the 0700 UT winter differences. A major feature not present at 0700 UT is the postnoon trough minimum in the southern hemisphere at 1300-1400 MLT. At 1900 UT, this minimum density drops below 3 x 10 4 cm-3 , whereas the northern hemisphere minimum density at this location and 0700 UT is only 1 x 10 5 cm -3 and at 1900 UT it is about 1 x 10 6 cm-3 . This feature indicates how the hemispheres can be asymmetric, with density differences of factors of 2 to 4 due to the different magnetic field geometries in the two hemispheres. In winter the UT variation is of the order of 2 to 10, while in summer it is only about a factor of 2. The UT variation is 12 hours shifted -in phase between the two hemispheres, but is significantly different in the two hemispheres. This can be further seen by looking at the post midnight mid-latitude trough minimum in winter. In the northern hemisphere, the minimum density varies between 1.0 x 10 4 and 1.5 x 10 4 cm -3, whereas in the southern hemisphere the variation is between 5 x 10 3 and 2 x 10 4 cm-
•
The auroral precipitation regions are, however, not (in our model) sensitive to UT variations. What UT differences exist are associated with the differences in the solar terminator location or changes in the neutral atmosphere between the two hemispheres. At 1900 UT, the polar cap densities, especially the tongue of ionization, are very similar to the corresponding 0700 UT densities.
Trough Morphology
In the previous section a major asymmetry between the two hemispheres was found to be associated with the winter mid-latitude trough. Figure 4 shows the trough morphology for six UTs for both the northern and southern winter hemispheres. The electron density at 300 km is contoured and shaded in the panel to emphasize the trough location and depth. Gray areas correspond to regions where the densities are less than 5.0 x 10 4 cm-3 and black corresponds to densities less than 2.5 x 10 4 cm-3 • Each panel is associated with a specific UT, which ranges from 0100 UT at the top to 2100 UT at the bottom. The left and right panels are for the southern and northern hemisphere, respectively. The mid-latitude trough is most extensive at 1700 UT and 0500 UT for the southern and northern hemispheres, respectively. This 12-hour phase shift is also applicable to the least extended situation; 0900 UT in the southern and 2100 UT in the northern hemisphere. Beyond this difference, it is clear . that the UT variation of the trough extent is different in the two hemispheres by as much as 4 hours in MLT; Le., the maximum dusk sector extent of the trough at 2100 UT in the southern hemisphere and the corresponding northern trough at 1300 UT. In summer, the differences are still present; however, both the extent and depth of the midlatitude trough are significantly restricted, as seen in Figure   2 .
SEASONAL ANOMALY
The mid-latitude dayside ionosphere exhibits a well defined seasonal variation in N m F2. Torr and Torr [1973] extensively documented this variation on a global scale. It is both hemispherical and longitude (UT) dependent. In the northern hemisphere, the winter N m F2 densities systematically exceed those in summer, leading to the terminology "seasonal" or "winter" anomaly. In contrast , the southern hemisphere exhibits predominantly a summer (or equinox) N m F2 density peak. Several basic mechanisms have been proposed to describe this anomalous and hemispherical dependence [Torr and Torr, 1973; Torr et al. , 1980] . The winter anomaly is primarily associated with the enh ment in .the neut~al [O] /[N 2] . ratio in winter. In the s:~~ ern henusphere, Its absence IS tenuously asSOciated with geomagnetic activity energy source which, due to the Signifa icantly different magnetic field topology, is able to affect ththermosphere preferentially in this hemisphere. Additio~ thermospheric chemistry processes have been propOsed t account for the fine details of the anomaly (see Torr et ~ [1980] for a review of these). In our global model, we ha a . the thermospheric properties described by the MSIS mOd:~ but do not have either the detailed magnetic field tOPolo~ nor the complex chemistry schemes. Hence our seasonal anomaly results are primarily from the neutral atmosphere global and seasonal variations.
For the first time we are in a position to look at the seasonal anomaly on a global scale with our ionospheric model. Global winter and summer densities for identical geomagnetic conditions have been calculated. Using these densities, ratios of N m F2 for winter and summer have been computed in order to determine the effect of the winter anomaly. In Figure 5 this ratio is plotted as a function of magnetic latitude along the noon magnetic meridian for six different UTs. The left panel corresponds to the northern hemisphere, while the right panel corresponds to the southern hemisphere. These ratios, in addition to showing a UT variation, show an even stronger hemispherical difference. Whereas the northern hemisphere shows a winter anomaly at almost all UTs from 30° to 65° magnetic latitude, the southern hemisphere shows no anomaly. In the northern hemisphere, the anomaly maximizes between 1000 and 1600 UT at a value of 1.6, while from 0200 to 0800 UT the anomaly is almost not present with ratios ranging from 0.4 to 1.0. These lower than unity ratios correspond to UTs when the winter dayside trough is present and clearly indicates a significant reduction in winter N m F2 primarily due to the absence of EUV production. In the southern hemisphere, the same effect occurs between 1400 and 2000 UT when the southern hemisphere dayside trough is present.
The difference between the two hemispheres is not specifically related to the magnetic field differences. In the case of this major anomaly difference, the source of the difference lies in the neutral atmosphere. MSIS [Hedin et al., 1977] is responsible for the primary longitudinal and hemispherical differences present in Figure 5 . This hemispherical anomalY morphology is to zeroth-order consistent with observations. [1973] have collected and presented an extensive review of anomaly data which indicates the following: (1) The anomaly in the northern hemisphere is significantly more marked than in the southern hemisphere whe~e it is almost entirely absent; and (2) In the northern h~nu sphere, a longitudinal (UT) variation is present which gIves the largest anomaly values around 1200 UT. These zerothorder findings are the same as our model results, alth~ugh the longitudinal phase in the northern hemisphere is different. Since our global chemistry scheme contains only : dominant chemical reactions [Schunk and Raitt, 1980] , t anomaly agreement is quite remarkable. Improved agr~e ment would require a more complex chemistry scheme, ~ cluding metastable chemistry, and possibly also trans~o .~ In order to investigate the longitudinal phase relationshIP 1 more detail, a significantly more detailed study would hay: to be undertaken, which is beyond the scope of the curr eD work. 5. SUMMARY AND DISCUSSION A time-dependent, three-dimensional, multi-ion numerical model of the global ionosphere was used to study the asymmetry in large-scale ionospheric features between the northern and southern hemispheres. The comparisons were done for both June and December solstice conditions at solar maximum for quiet geomagnetic activity. Diurnally reproducible conditions were established in order to elucidate the intrinsic hemispherical differences that are associated with the different displacements between the geomagnetic and geographic poles and the different atmospheric conditions, as specified by the MSIS model.
Torr and Torr
Various inputs are needed for our global model, including the neutral temperature, composition and wind; the electric field distribution; the auroral precipitation pattern; the solar EUV spectrum; and a magnetic field model. Since these inputs are needed over the entire globe at all times, it was necessary to adopt empirical models for the inputs. For this study we used the MSIS model for the neutral densities and temperatures, a simple analytical function to describe the global wind pattern, a Volland [1978] two-cell convection pattern to describe high-latitude electrodynamics, the Richmond et al. [1980] equatorial electric field model, the Spiro et al. [1982] empirical model of auroral precipitation, and a dipole magnetic field model [Fraser-Smith, 1987] .
With regard to the inputs, it should be noted that the comparison of the northern and southern hemispheres could be done for an infinite number of geophysical conditions. Comparisons could be done for different seasonal, solar cycle, and interplanetary magnetic field (IMF) conditions as well as for different magnetic activity levels. Comparisons could also be done for magnetic storms and substorms , during which the magnetospheric inputs vary markedly with time. However, in this initial comparison, we attempted to keep the geophysical conditions as simple as possible in order to clearly identify intrinsic hemispherical differences. Therefore we adopted quiet geomagnetic conditions so that atmospheric dynamics would not have an appreciable effect on our results. Also, the Volland convection pattern was taken to be symmetric with a cross-tail potential of 48 k V and a low level of auroral precipitation was adopted (Kp = 2 Ap = 12). In addition, the convection and precipitatio patterns were assumed to be identical in the northern an~ southern hemispheres, and these inputs were kept fixed So that diurnally reproducible ionospheric densities could be calculated. In the future, hemispherical comparisons will be conducted for more complicated geophysical conditions.
The main results of our study were displayed at two universal times, 0700 and 1900 UT. These times correspond to the extremes of solar illumination in the polar regions at the solstices. Specifically, at June solstice solar illumination maximizes at 1900 UT in the northern polar region, while at December solstice it maximizes at 0700 UT in the southern polar region. With this fact in mind, our study indicates the following:
1. At both UTs, the F region is divided into three primary latitudinal regions; an equatorial region, where the Appleton ionization peaks dominate from about noon until 0400 MLT· a mid-latitude region, where the "main" or "mid-latitude': trough is the dominant feature; and a polar region, where the density variation is large in winter.
2. The weak auroral precipitation associated with quiet magnetic activity is insufficient to create a marked auroral oval in the summer hemisphere, where the overall density level is high due to solar production, but it is sufficient to produce a marked oval in the winter hemisphere, where the background electron densities are an order of magnitUde lower.
3. The summer high-latitude densities in both hemispheres are morphologically similar, with the densities ranging from 4 x 10 5 to 10 6 cm -3. The equatorial densities are also similar in the summer hemispheres, with the densities ranging from less than 10 5 cm -3 to greater than 10 6 cm -3. However, there is a factor of 2 difference in the Appleton anomaly densities in certain places between the June and December solstices. This difference is associated with the seasonal dependence in MSIS rather than dipole tilt effects.
4. In the winter hemispheres, the corresponding electron densities are again morphologically similar, but very different quantitatively. For example, the early morning trough is about twice as deep in the winter southern hemisphere than in the winter northern hemisphere. This difference is due to the different dipole tilts in the two hemispheres.
5. The winter hemispheres display the most marked UT variations due to the displacement between geomagnetic and geographic poles.
6. For a given season, the density "difference" between the northern and southern hemispheres displays a marked UT dependence. For example, when the hemispheres are compared for similar winter conditions, the density difference is greater than an order of magnitude in places at certain UTs.
7. The tongues of ionization that extend across the polar cap in both hemispheres in winter are qualitatively similar, but they can be quantitatively different at certain UTs due to the different dipole offsets.
8. The winter mid-latitude trough is the feature that exhibits the largest northern-southern hemisphere difference due to the different dipole tilts. . 9. The winter anomaly is present in the northern henusphere at almost all UTs from 30° to 65° magnetic latitude, while it is essentially absent in the southern hemisphere. In the northern hemisphere , the anomaly maximizes betwe. en 1000 and 1600 UT with the winter/ summer N m F2 denSIty ratio reaching 1.6. In our model, the MSIS atmospheric den-sities are the primary cause of the winter anomaly and the different dipole t ilts in the two hemispheres play a secondary role.
As noted throughout the paper the ionospheric features predicted by our global model are in qualitative agreement with the available measurements. However, we have not attempted to do a detailed comparison between model predictions and observations owing to the lack of comprehensive global data sets for both June and December solstice and quiet geomagnetic activity. For a meaningful quantitative comparison, we need data from satellites and several groundbased stations suitably located throughout the world. Because of the marked UT variation of the ionosphere, the data need to be taken simultaneously for at least a 24-hour period. In addition to F region densities and temperatures, we also need the inputs to our model (neutral wind, auroral precipitation, magnetospheric and equatorial electric potential patterns , etc.). Unfortunately, at the present time, the existing data base is far too incomplete to warrant a detailed quantitative comparison between model predictions and observations of characteristic features in the northern and southern hemispheres.
